Abstract: This paper develops a real laboratory of anti-lock braking system (ABS) for vehicle and conducts real experiments to verify the ability of this ABS to prevent the vehicle wheel from being locked while braking. Two controllers of PID and fuzzy logic are tested for analysis and comparison. This ABS laboratory is designed for bachelor and master students to simulate and analyze performances of ABS with different control techniques on various roads and load conditions. This paper provides educational theories and practices on the design of control for system dynamics.
Introduction
This paper describes the development of a real laboratory for ABS vehicle braking. Even though the ABS controllers in vehicles have been developed and implemented widely from late 1970s, but it is not easy for students to access and conduct real experiments of different ABS controllers for different roads and load conditions. This laboratory allows students to verify the ABS control performances since the essential objective of the ABS is to attain the largest and sufficient amount of braking force on the vehicle wheels in order to maintain the vehicle stability and maneuverability.
This paper starts reviewing some latest PID and fuzzy controllers for ABS. One of the recent PID control applied for ABS is adaptive and self-learning PID controller is referred to in [1] . This method uses the adaptive neuro-fuzzy system to estimate the self-turning parameters of a PID. This controller provides stability for the ABS from its on-*Corresponding Author: Vu Trieu Minh: Tallinn University of Technology, Tallinn, Estonia, E-mail: vutrieuminh@yahoo.com Godwin Oamen, Kristina Vassiljeva, Leo Teder : Tallinn University of Technology, Tallinn, Estonia line adjustment of the PID parameters. Similarly, an ABS using gain scheduled constrained by linear quadratic regulator (LQR) is developed in [2] . The gains of this system are calculated from an explicit constrained LQR. The system is stabilized by a Lyapunov function from the local linearization using Riccati equations.
The main fuzzy logic operations from this paper are drawn from [3] where a real application of fuzzy logic control for braking forces and slips is designed and tested. The optimal control actions are analyzed to reach the best performances for the whole system. Performances of PID and different fuzzy logic controllers for nonlinear systems are referred in [4] where three controllers of PID, Mamdani fuzzy rule and Sugeno fuzzy rule are tested and analyzed.
A recent fuzzy application for ABS with adaptive neuro-fuzzy control in sliding mode and self-learning algorithms is presented in [5] . This system allows to control effectively both the wheel deceleration and slip. A new fuzzy algorithm dealing with adaptive and sliding mode for ABS is referred to in [6] where data measuring from the road and load dynamics are recorded and processed online for fuzzy parameter adjustments.
More advanced fuzzy application is proposed in [7] where a fuzzy controller is integrated to a discrete sliding mode to give a robust and stable system with fuzzy adaptive sliding mode control (FASMC). The adaptive tuning logic is set up to determine the fuzzy parameter dynamics based on the road and the load conditions. The new method gives better results than the use of PID sliding modes.
A recent work on a fuzzy model for a full vehicle model is introduced in [8] including parameters of the vehicle suspensions, steering, tires, engine, and chassis, etc. An ABS with three channels using the threshold logic and the fuzzy logic controller is developed. The two controllers are tested and compared. Based on the simulation results, the fuzzy logic controller can control the slips at the optimal value with smaller fluctuations and higher braking efficiency.
This paper presents the laboratory setup, the tests of PID and fuzzy logic controllers. Simulation results of each method are demonstrated and analyzed. Finally, the paper suggests which controller provides better performances. The contents of this paper are as follows: Section 2 briefs the laboratory settings; Section 3 introduces the PID design and performances; Section 4 presents the fuzzy logic algorithms and simulations; lastly, Section 5 states the conclusions and recommendations of this research.
Laboratory Settings
The ABS laboratory is setup with two DC motors connecting to two wheels. The lower wheel represents the road motion. The upper wheel represents the vehicle tire. These two wheel surfaces can be replaced by different materials to simulate the different roads and vehicle tires. There are three encoders for two wheels and the angle of the balance lever of the vehicle tire as shown in Figure 1 .
An RT-DAC and PIC-D multipurpose I/O digital board is used to transmit the control signals from the PC to the DC motors. Therefore Matlab program, Matlab Simulink and ABS lab in the PC environment can be converted to electrical and/or PWM signals to control the DC motors in the ABS laboratory. Three encoders pulse signals are also embedded with 16-bit digital converters to the PC as the online outputs feedback signals. The upper wheel is embedded with a hydraulic disk brake system connected to the brake lever. During the braking time, the power supply to the DC motors is turned off. All the initial parameters of the ABS laboratory are given in Table 1 .
We assume that the friction force is proportional to the normal pressing force, Fn, and µ(λ) is the proportionality coefficient. Table 2 shows the remaining parameters that needed to be calculated for this model.
In order to calculate all parameters in Table 2 , some auxiliary variables are needed to be introduced:
Slip λ (relative different velocities of the two wheels) can be calculated as:
The two wheels rotation can be described by Newton's second law for rotating motion. The motion equation of the upper wheel
And for the lower wheel
To derive an expression for the normal force Fn we sum up the torques corresponding to the point A as follows:
Substituting (6) into (3) and (4) we get the following expressions
Due to the complexity of (7) and (8), these equations are simplified as follows:
and by allocating parameters c 11 , c 12 , c 13 , c 14 , c 15 , c 16 and c 21 , c 22 , c 23 , c 24 , c 25 for (7) and (8) The driving system of the brake is defined bẏ
where b is parameter of third, braking equation, u is input to the brake, and M 1 is the output braking moment. The function of the control signal can be expressed as:
where c 11 to c 25 are model parameters, S is a function defined in (9), b is parameter of third, braking equation, u is input to the brake, and M 1 is output braking moment. Also, the coefficient of friction µ(λ) between the car wheel and the road surface is nonlinear; an approximate expression for our ABS model coefficient of friction is expressed as:
where w 1 to w 4 a re weights of approximated friction depending on slip and power coefficient. All unknown coefficients are given and calculated in Table 3 . Equations from (10) to (14) are describing the nonlinear state model of this system. They allow calculating the friction force from the normal force and dynamical friction coefficient.
From this ABS model, a typical curve for the friction coefficient and slip is drawn in Figure 3 . It is noted that for normal conditions in this simulation, the maximum value of friction coefficient is 0.4 at the optimal slip of 0.2. 
PID controller designs
The PID controller limits the designer with the tuning of three constants called proportional (Kp), integral (K i ) and derivative (K d ) parameters. However despite of the limited areas of application, the PID controllers have been immensely used in the industries. The mathematical representation of the three parameters is given by:
These PID parameters can either be manually or automatically tuned. It is however important to know that each of the PID parameter gives a distinctive effect on the controlled variable. In order to design a PID controller, we used the manual tuning or simply 'trial-and-error' approach. A PID controller is designed for simulation and shown in Figure 4 . 
Fuzzy controller designs
The design for a fuzzy controller is referred to in [3] and [4] , in our design, two variables are selected as the inputs for the controllers as slip error between actual slip and the reference slip e θ , and the rate of change of optimum slip errorė θ . The rule viewer of fuzzy controller gives a picture of the road map of the entire fuzzy inference process. A fuzzy controller for ABS model is developed in Figure 6 . The surface viewer of this fuzzy controller displays a nonlinear three-dimensional curve which shows the mapping from slip error and change in error to the braking pressure. It can be observed that the surface represents in a compact way all the information in the fuzzy controller. The surface viewer of this fuzzy controller is shown in Figure 8 .
Prior to reaching the reference value, the controller reacts by decreasing the braking pressure so as to keep the slip ratio in the premise of the reference value of 0.2. Before the slip ratio attains its peak the controller's response had started approaching its minimum value of zero. This behavior was integrated into the controller via the fuzzy rules so as to always return the slip ratio to the reference value in order to provide an effective coefficient of friction needed for braking. The fuzzy controller performance of this design is shown in Figure 9 . Now we compare the fuzzy with PID. The slip control by the fuzzy controller scheme exhibits a good convergent rate with little or no overshoot while for the PID, quite a number of overshoots were observed and the convergent rate is relatively slow as shown in Figure 10 .
The brake distances of the two controllers are also compared and the results indicate that fuzzy controller achieves shorter brake distance as shown in Figure 11 . Fuzzy brake distance is of 63 meters after 11 seconds while PID distance is of 670 meters in 14 seconds. 
Conclusion
We have presented two ABS controllers, a proposed Fuzzy controller and the commonly used PID controller for comparison. A detailed study of their performance after implementation on the ABS simulation model showed that our proposed Fuzzy controller exhibited better and superior performances than the PID control. The Fuzzy control approach provided slip control with quicker convergent rates and no observable overshoots. Also the deceleration control was with minimal fluctuation and a better braking distance was achieved. Future simulations will be done with different road and load conditions to obtain comprehensive understandings on the ABS system performances.
